While much literature exists on the ecology and ecosystem impacts of signal crayfish, Pacifastacus leniusculus (Dana, 1852) , as an invasive species, little information exists on the ecology of this species in its native range in the Pacific Northwest, USA. Signal crayfish (P. leniusculus leniusculus) were collected from the Umatilla River in northeastern Oregon, USA, where they are native. Collecting occurred during the summer at 13 sites spanning the longitudinal gradient of the river to examine the relationship between density and size of individuals and environmental factors at two spatial scales. At the reach scale (100+ m 2 ) the density of young-of-year (YOY), and age 1+ female and male crayfish was positively associated with substrate size. Additionally, age 1+ female and male crayfish density was negatively associated with the amount of crop agriculture. Substrate size was also important in determining the density and size of crayfish at the microhabitat scale (<1 m 2 ) with greater densities and larger size (for age 1+ females and males) with larger substrate. Other factors influencing density at the microhabitat scale included Froude number for YOY and age 1+ females with higher densities at lower Froude numbers (indicative of tranquil flows) and water depth for age 1+ males with higher densities at greater depth. Our results indicate that substrate size is one of the most important drivers of the distribution and density of signal crayfish in the Umatilla Basin at multiple spatial scales. Understanding the habitat requirements and ecology of this species in its native range is important as agricultural intensification resulting from the development of biofuel technology and increasing human population size and the threat of invasive crayfish species might greatly influence the distribution, abundance, and management of the species of Pacifastacus in their native range in the near future.
INTRODUCTION
The distribution and abundance of river macroinvertebrates is strongly associated with a variety of physico-chemical factors (Hynes, 1970) . Understanding the relationship between environmental factors and species distributions is important in developing an understanding of the ecosystem functions of and human impacts on those species. This understanding is particularly important for species that are likely to have strong impacts on river ecosystems and thus display far-reaching consequences with changes in their density and distribution (Power et al., 1985; Taylor et al., 2006) .
Crayfish are an important component of the macroinvertebrate fauna in many river systems, often dominating the macroinvertebrate assemblage in terms of biomass (Huryn and Wallace, 1987; Haggerty et al., 2002) . They are also an important trophic link in river and riparian systems, consuming riparian litter, algae, and invertebrates (Huryn and Wallace, 1987; Creed, 1994; Bondar et al., 2005) and, in turn, forming a source of food for predatory fish and terrestrial vertebrate predators (Nystrom et al., 2006; Tablado et al., 2010) . In addition, crayfish can disturb large amounts of gravel and other fine substrate which has important consequences for the composition and abundance of primary producers and macroinvertebrates (Creed, 1994; Statzner et al., 2000; Usio and Townsend, 2004) . The distribution and density of crayfish is influenced by a variety of environmental factors. Substrate size and type is considered one of the most important factors (Capelli and Magnuson, 1983) , but water temperature, water depth, water chemistry, and the presence of predators have also been found to be important (reviewed in Lodge and Hill, 1994; Bondar et al., 2005; Reynolds, 2011) .
As the preceding paragraph indicates, a reasonable amount of research has been conducted on crayfish. However, much of this information comes from a handful of wellstudied species and relatively little is known about many species. For example, in their exhaustive review of the conservation status of crayfish in the USA and Canada, Taylor et al. (2007) found it difficult to provide statements of the status of 60% of the 363 taxa found in these countries because of a lack of basic ecological and distributional data. Understanding the distribution and ecology of poorly-studied crayfish species is an important endeavor as many species are considered threatened (33% of species in North America; IUCN, 2011) ; two of the largest threats to crayfish, habitat loss and the introduction of non-native crayfish species (Taylor et al., 2007; Hobbs and Lodge, 2010) , are likely to increase in the future in most areas.
The Pacific Northwest USA is home to three species of native crayfish all belonging to the genus Pacifastacus (Decapoda: Astacidae) (Larson and Olden, 2011) . While a reasonably large amount of literature exists on the ecology and ecosystem impacts of P. leniusculus as an invasive species (Nyström et al., 2006; Olsson et al., 2009; Johnsen and Taugbøl, 2010) , very little information has been gathered regarding the ecology of Pacifastacus spp. within their native ranges (Mason, 1975; Bondar et al., 2005; Larson and Olden, 2011) .
Here we report the results of a field study designed to examine relationships between the density and size of P. leniusculus leniusculus (Dana, 1852) and environmental factors in a river in northeastern Oregon that drains a semiarid watershed dominated by agriculture. P. leniusculus leniusculus is considered native to the interior Columbia River Basin where our study took place (Miller, 1960; Larson and Olden, 2011) . We examined these relationships at two spatial scales, reach (100+ m 2 ) and microhabitat (<1 m 2 ).
MATERIALS AND METHODS

Field Site Description
The study was conducted in the Umatilla River in the interior Columbia basin in northeastern Oregon (Fig. 1) . The Umatilla River mainstem is 143 km long and drains a basin that is approximately 5900 km 2 . Land use is dominated by rangeland and both dryland and irrigated crop agriculture. The river's headwaters originate in the Blue Mountains at an elevation of 1770 m and the river empties into the Columbia River at an elevation of 79 m (location: 45°55 04.6 N, 119°21 13.5 W). The Umatilla River's hydrograph is characterized by high spring flows (∼150 m 3 /sec at the mouth) resulting from snow-melt and rain on snow events and low base flows (∼6 m 3 /sec at the mouth) from July through October. The climate in the lower Umatilla basin is characterized by hot dry summers and cold winters with an annual average precipitation of 247 mm (DeBano and Wooster, 2004) .
Potential crayfish predators in the Umatilla Basin include both aquatic species and terrestrial species. Aquatic predators include Paiute sculpin (Cottus beldingi) and northern pikeminnow (Ptychocheilus oregonensis), which are found throughout the river, and redband trout/summer steelhead (Oncorhynchus mykiss), which is found mainly in the upper river and tributaries (DeBano and Wooster, 2004) . All three of these fish species are capable of consuming crayfish (Zimmerman, 1999; Light, 2002; Tay et al., 2007) and inhabit the river throughout the area in which our study sites were established. In addition, terrestrial predators are also found throughout the river and the two most abundant that are likely to prey upon crayfish are raccoons (Procyon lotor) and great blue herons (Ardea herodias) (Englund and Krupa, 2000; Correia, 2001) . 
Field Sampling
Crayfish were collected from a total of 13 study sites. Eleven study sites were established along the mainstem Umatilla River and one study site was established in each of the two upstream forks (North Fork and South Fork) that join to form the mainstem (Fig. 1) . A companion study on trace metal concentrations was also conducted at the same time. For the trace metal study it was necessary to establish sites in low impact reference areas, i.e., Site 2 in the North Fork, across an elevational gradient within the Umatilla basin, and below potential point sources of pollutants, e.g., wastewater treatment plants. Therefore, sites were not established randomly but were selected based upon the requirements of the trace metal study. While trace metal contamination can have negative impacts on crayfish abundance (Besser and Rabeni, 1987; Allert et al., 2008) we found very low levels of trace metals in signal crayfish at all of our study sites (Wooster et al., unpublished data) . These included potentially toxic metals such as cadmium and lead which in the Umatilla River were much lower than the levels that Allert et al. (2008) found impacted crayfish density and were similar to levels that Besser et al. (2001) found at unimpacted reference sites in Colorado. Therefore, we do not feel that trace metal contamination in the Umatilla River is an important determinant of crayfish distributions.
Study sites ranged in elevation from 737 m to 135 m. Land use tended to be dominated by forested cover in the upper river and crop agriculture in the lower basin (Table 1) . Maximum water temperatures peaked mid-river within an urban area, dropped below that point with cool-water inputs from a tributary, and then peaked again at the lowest study site (Table 1) .
Crayfish and environmental data were collected during the summer of 2009 from 26 June to 28 July. Crayfish were collected at 3-4 randomly selected points within three mesohabitats (riffles, runs, and pools) at each site. However, not all sites contained the three mesohabitats; therefore, the number of samples taken at each site varied. Sampling points were determined by visually dividing each available mesohabitat into nine cells in a 3 × 3 grid and randomly choosing points within the grid. At each site crayfish were sampled from a downstream to upstream direction. Sampling was done using a two person team. Sample points were cautiously approached, a 30 cm wide × 20 cm high × 40 cm deep kick net was held against the substrate by one person and the top layer of substrate was disturbed for 30 seconds in a 30 cm × 60 cm area just upstream of the net by the second person. After this the net was immediately placed to the left of the point just sampled and a second 30 second disturbance was made over the same amount of area resulting in a total area sampled of 60 cm × 60 cm (0.36 m 2 ). Every effort was made to collect all disturbed crayfish in the kick net and any crayfish within the sampling area not collected were noted. Eight to nine samples were collected from each of the 13 study sites for a total of 106 samples.
Crayfish from each sample were held in buckets and processed at each site. Processing involved measuring the total carapace length of each individual using vernier calipers and identifying males and females when possible. Crayfish were either released back into the study reach or placed on ice and transported to the laboratory for metals analysis. After collections were completed all individual crayfish were placed into one of three age/sex categories: young-of-year (YOY), age 1+ females, age 1+ males (see Fig. 2 ).
Each sampling point was considered a "microhabitat" sample. Therefore, at each sampling point a variety of microhabitat environmental variables were measured. Prior to taking the crayfish sample the proportion of substrate covered by filamentous algae at the sampling area was estimated and placed into one of 5 cover classes (1 = 0%, 2 = 1-25%, 3 = 26-50%, 4 = 51-75%, 5 = >75%). After collecting the crayfish, water velocity and depth at the four "corners" of each sampling point were measured using an electromagnetic flow meter (Marsh McBirney Flo-Mate 2000, Hach Company, Frederick, MD, USA) and stadia rod. All stones disturbed when collecting crayfish were placed into a bucket and the median diameter, i.e., the middle or intermediate-sized dimension of it length, width, and depth, was measured for each stone. These measurements resulted in the following six environmental metrics used to characterize each microhabitat: filamentous algae cover, mean water depth, mean water velocity, Froude number, median substrate particle size (D 50 ), and maximum substrate particle size.
Froude number is a dimensionless value that characterizes water movement and represents the relationship between inertial and gravitational forces which differentiates tranquil flows from turbulent flows (Davis and Barmuta, 1989; Gordon et al., 2004) . Froude number was calculated for each microhabitat as: Froude number is an ecologically relevant hydrologic metric as it is an important determinant of the distribution and abundance of benthic macroinvertebrates (Jowett et al., 1991; Mérigoux and Dolédec, 2004) .
A variety of environmental factors were also measured at the reach scale. After crayfish had been sampled at each reach discharge, pH and conductivity were measured. Discharge was measured at each site using an electromagnetic flow meter following a standard cross-sectional method (Gore, 2006) . pH and conductivity were measured once at each site using hand-held field meters. In addition, water temperature data-loggers (Hobo H8™, Onset Computer Corporation, Pocasset, MA, USA) were placed at each site and measurements were taken continuously (hourly intervals) from 15 July to 30 July 2009. The percentage of different land uses around each site was measured using Google Earth Pro™ by delineating a 1 km diameter circle centered around the study site and determining the amount of land within the circle in each of the following four categories: urban/buildings, crop agriculture, forested, and old field/sagebrush scrub. In addition, the total length of paved roads and railroad was measured in each circle. These measurements provided eight reach scale environmental variables that were used in the analyses: discharge, mean of the daily maximum water temperature, pH, conductivity, percent urban land use, percent crop agriculture, percent forested, and total transportation corridor length (paved roads plus railroad). In addition, the average reach scale values of the microhabitat variables were also used to characterize each reach bringing the total number of environmental variables examined at the reach scale to 14.
Statistical Analysis
Our first objective was to examine the relationship between reach scale variables and crayfish density (number/m 2 ) and size. For analyses involving crayfish size at the reach scale, mean size for each of the three crayfish size/sex categories was used as the response variable. Non-parametric Spearman rank correlations were conducted on each response variable (density and size for each of the three crayfish groups) and each of the fourteen reach scale environmental variables. Because of the low sample size (13 sites) we were unable to conduct either multivariate analyses, e.g., multiple linear regression, or non-linear regression techniques. Correlations among the environmental variables were also examined using Spearman rank correlations.
Our second objective was to examine the relationship between microhabitat-scale environmental variables and crayfish density and size. For the analyses on density all random samples were used for a total sample size of 106 for each of the age/sex groups. For the size analyses only microhabitat samples containing individuals within an age/sex group were used resulting in a sample size of 43 for YOY, 26 for 1+ females, and 16 for 1+ males.
Regression tree analyses were conducted to examine the microhabitat variables associated with crayfish density and size. Regression trees are a robust means of examining the relationships between multiple co-occurring and potentially interacting independent variables on response variables (De'ath and Fabricius, 2000) . Regression trees repeatedly partition data into two groups each of which is as homogeneous as possible; those two groups are then partitioned, if possible, into two smaller homogeneous groups and so on (De'ath and Fabricius, 2000) . Through this repeated partitioning of the data the tree grows in size with multiple branches and nodes. Trees must be pruned to an optimal tree size which maximizes the amount of variation in the data explained while minimizing the complexity of the tree. Optimal tree size was determined using a cost-complexity graph which illustrates the rate of change in deviance with increasing tree size. Optimal tree size was defined as the inflection point in the graph at which the rate of change in deviance explained with increasing tree size decreased. Trees were then "overgrown" and pruned back to this optimal size.
All correlations and Wilcoxon sign-rank tests were conducted using SYSTAT v. 12 (Systat Software Inc., 2007, Richmond, CA) . Regression tree models and cost-complexity graphs were constructed using the statistical software S+ ® (version 8.1, TIBCO Software, Inc.).
RESULTS
A total of 106 samples and 197 crayfish were collected from the 13 study sites. Young-of-year crayfish made up 68% of all individuals collected and females made up 20% of the individuals. Age 1+ males were the least frequently encountered making up only 12% of all the individuals collected. Carapace lengths of crayfish ranged from 2.5 mm to 31.1 mm with YOY showing a marked peak in size at carapace lengths from 4-6 mm while age 1+ individuals showed a more even distribution of sizes between 14 mm and 30 mm carapace length (Fig. 2) . Density of each age/sex group differed markedly among the 13 study sites (Fig. 3) . Density showed an apparent bimodal distribution with peaks occurring both low in the basin, at site 13 (river kilometer 7.5), and high in the basin at sites 3, 4 and 5 (river kilometers 139, 124, and 119) (Fig. 3) . Densities were at or near zero at sites 9, 10, 11, and 12 (river kilometers 42-68) (Fig. 3 ). Densities were also at or near zero at site 2 (river kilometer 144) which was within the wilderness area (Fig. 3) .
Environmental Relationships at the Reach Scale
The density of all three classes of crayfish was positively correlated with median substrate size (D 50 ) at the reach scale (YOY: Spearman r s = 0.64, p < 0.05; Females: r s = 0.58, p < 0.05; Males: r s = 0.57, p < 0.05) (Fig. 4A) . In addition, the density of females and males was negatively correlated with the amount of crop agriculture surrounding a site (r s = −0.60 and −0.67, respectively, p < 0.05 in both cases) (Fig. 4B) . Juvenile density was also negatively correlated with pH (r s = −0.62, p < 0.05) (Fig. 4C) . Finally, male density was positively correlated with maximum substrate size (Spearman r s = 0.64, p < 0.05). However, D 50 and maximum substrate size were cross-correlated (r s = 0.72, p < 0.01). D 50 was not cross-correlated with the amount of crop agriculture (r s = −0.35, p > 0.10) and D 50 and pH were not cross-correlated (r s = −0.51, p > 0.05).
An examination of the relationships between crayfish size and reach scale environmental variables revealed that YOY size showed significant relationships, while no such relationships emerged for either female or male size. Young-of-year size was positively correlated with discharge, conductivity, and pH (Spearman r s = 0.87, 0.66, and 0.88, respectively; p < 0.05 in all cases) and negatively correlated the percentage woody cover (Spearman r s = −0.74, p < 0.01). All of these environmental variables as well as YOY size were correlated with river kilometer (river kilometer and: discharge r s = −0.94, p < 0.001; conductivity r s = −0.72, p < 0.01; Fig. 4 . Illustrations of significant correlations between reach scale environmental factors and crayfish density (number/m 2 ). A, relationship between density of YOY, age 1+ females, and age 1+ males and median substrate size (Spearman r s = 0.64, 0.58, and 0.57, respectively; p < 0.05 in all cases); B, relationship between density of age 1+ females and age 1+ males and the amount of crop agriculture surrounding each study site (r s = −0.60 and −0.67, respectively; p < 0.05 in both cases); C, relationship between YOY density and pH (r s = −0.62, p < 0.05). For all panels = YOY, = age 1+ females, and • = age 1+ males.
pH r s = −0.66, p < 0.05; YOY size r s = −0.84, p < 0.001) (Fig. 5) .
Environmental Relationships at the Microhabitat Scale
Regression tree analysis on YOY crayfish density produced a tree with five terminal nodes that explained approximately 39% of the variation in the density data (Fig. 6A) . Measures of substrate size formed three of the four branches of this tree. Maximum substrate size formed the first branch with greater juvenile density associated with larger substrate (Fig. 6A) . D 50 and maximum substrate size formed the secondary branches and Froude number formed the tertiary branch (Fig. 6A) . The highest densities of YOY crayfish were associated with low Froude numbers and a narrow range of maximum substrate sizes (between 162.5 and 177.5 mm) (Fig. 6A) . The regression tree for the density of age 1+ female crayfish explained over 38% of the variation in the data and had four terminal nodes (Fig. 6B) . Froude number formed the first two branches of this tree, with female density highest under a narrow range of Froude numbers (>0.25 and <0.29; Fig. 6B ). Maximum substrate size formed the tertiary branch (Fig. 6B) .
The regression tree associated with age 1+ male density at the microhabitat scale was relatively poor, having four terminal nodes and explaining only 14% of the variation in male density (Fig. 6C) . The greatest male density was associated with microhabitats with large maximum substrate size and depths greater than 0.39 m (Fig. 6C) .
Regression tree analyses on crayfish size revealed that the size of all three size/age classes were related to measures of substrate size which formed the first branch in all three trees (Fig. 7) . A tree with three terminal nodes explained ∼40% of the variation in YOY size with the largest individuals found in microhabitats with small median substrate sizes and water depths greater than 0.26 m (Fig. 7A) . The largest females were associated with large maximum substrate sizes (Fig. 7B) . However, similarly sized females were associated with microhabitats with smaller maximum substrate size when the water was relatively deep (Fig. 7B) . Finally, male size was positively related to maximum substrate size and moderate to high Froude numbers (Fig. 7C) .
DISCUSSION
Reach Scale Effects
At the scale of the sampling reach, substrate size (D 50 ) was the only environmental factor that was correlated with the density of all three groups of signal crayfish. In all cases, crayfish density increased with increasing substrate size. Large substrates provide refuge from predators (Lodge and Hill, 1994) as well as, potentially, refuge from high flows. Substrate is considered one of the most important environmental factors influencing the distribution of crayfish (Capelli and Magnuson, 1983) and has been shown to be an important driver of crayfish distributions at reach scales and larger scales (Capelli and Magnuson, 1983; Kirjavainen and Westman, 1999; Usio, 2007) .
On the Umatilla River, sites with relatively small substrate sizes and low crayfish densities were found as a string of five adjacent sites (sites 8-12). These sites were all in the mid-to lower river. The Umatilla River is heavily impacted by human activities, particularly in the lower river. These impacts include sediment inputs from agricultural practices, historic and current gravel mining in and near the riverbed, and water withdrawals for irrigated agriculture (DeBano and Wooster, 2004) . All of these factors can result in changes in the size, including reductions, of mineral substrate in rivers and streams (Waters, 1995; Kondolf, 1997; Baker et al., 2010) . The greatly reduced abundances of signal crayfish in reaches of the Umatilla River with relatively small substrate sizes and the likelihood that these small sizes are the results of human activities suggests that any future needs for management of this species would involve the protection of areas with large substrate and the management of practices that influence substrate size. Usio (2007) found that the abundance of the imperiled Japanese crayfish, Cambaroides japonicas (De Haan, 1841), also appeared to be limited by the amount of large substrate and called for the conservation of areas with a suite of environmental factors including large substrate.
Land use also had an impact on the densities of both female and male crayfish with the amount of crop agriculture surrounding study sites negatively related to both female and male density. Studies in New Zealand have failed to detect an impact of local land use on crayfish density (Hicks and McCaughan, 1997; Parkyn and Collier, 2004) . A study of six crayfish species in Kentucky, USA found a response of only one species, Orconectes rusticus (Girard, 1852) , to local land use with abundances positively related to the amount of urban land use (Ngulo and Grubbs, 2010) . However, Catherine et al. (2010) demonstrated that the white-clawed crayfish, Austropotamobius pallipes (Lereboullet, 1858) , appeared to avoid human-influenced habitats (e.g., orchards) and favored natural habitats. Our results suggest that signal crayfish density might be negatively influenced by crop agriculture. However, the mechanism behind this impact is not clear. The growing of crops has a variety of impacts on stream systems including habitat simplification, inputs of sediment from eroded soils, inputs of a variety of potentially harmful contaminants such as pesticides and fertilizers, and increased water temperatures (Allan, 2004; Yates and Bailey, 2006) . While water temperature was positively correlated Fig. 6 . Regression trees for a) YOY, b) age 1+ female, and c) age 1+ male crayfish density (number/m 2 ) at the microhabitat scale. "Deviance Explained" is the amount of variability in the response variable explained by the full regression tree. The environmental variable associated with each branch is shown above the horizontal lines forming each branch. "Max Sub Size" is the size of the largest substrate particle found within the microhabitat sample and is reported in mm. "D 50 " is the median substrate particle size in mm. "Froude" is a dimensionless variable that measures the roughness/turbulence of water with higher values indicative of more turbulent conditions. "Depth" indicates water depth and is shown in meters. Boxes encompass nodes of the tree and terminal nodes are in bold. Within each node the mean density, residual deviance (Dev), and sample size (n) are given. Fig. 7 . Regression trees. A, YOY; B, age 1+ female; C, age 1+ male signal crayfish size (total carapace length in mm). "Deviance Explained" is the amount of variability in the response variable explained by the full regression tree. The environmental variable associated with each branch is shown above the horizontal lines forming each branch. "D 50 " is the median substrate particle size in mm. "Depth" indicates water depth and is shown in meters. "Max Sub Size" is the size of the largest substrate particle found within the microhabitat sample and is reported in mm. "Froude" is a dimensionless value that is related to the turbulence of water with higher values indicative of more turbulent conditions. Boxes encompass nodes of the tree and terminal nodes are in bold. Within each node the mean carapace size (in mm), residual deviance (Dev), and sample size (n) are given.
with the amount of crop agriculture in our study, the lack of a direct relationship between water temperature and crayfish density in our analysis suggests that water temperature was not a strong driver of change in crayfish density associated with crop agriculture. Therefore, it is likely that other impacts of crop agriculture were more important drivers of change in crayfish density. Low habitat complexity, high sediment input, and contaminant inputs, all of which are associated with crop agriculture in the Umatilla Basin (DeBano and Wooster, 2004) , have negative impacts on crayfish abundance and behavior (Usio and Townsend, 2000; Parkyn and Collier, 2004; Monteclaro et al., 2011) .
At the reach scale, YOY crayfish density was negatively related to pH. All recorded pH levels were above 7.0 reflecting the influence of the basalt parent material in the Umatilla Basin. However, pH levels ranged fairly widely from 7.8 in the upper river to 9.3 in the canyon below the city of Pendleton. While the mechanism behind the negative relationship between YOY density and pH is unclear it is possible that it results from changes in calcium concentrations in the water at high pH. Calcium is an important factor in the distribution of crayfish as it is a necessary element for recalcification of the exoskeleton after molting (Lodge and Hill, 1994) . Calcium limitation might be particularly important for young crayfish that exhibit rapid growth and a relatively high frequency of molting (Lowery, 1988) . In the Pacific Northwest, calcium precipitates from water at pH levels above approximately 8.5 (Hopkins et al., 2007) and thus river reaches with pH levels higher than this are potentially unsuitable for crayfish. However, calcium content of the water was not measured in this study and therefore further investigations need to be made into the relationship between high alkaline pH, calcium, and YOY density.
In contrast to density, no relationships were found for age 1+ crayfish size and measured environmental parameters at the reach scale. However, YOY crayfish size was significantly related to four environmental parameters as well as river kilometer. All four environmental parameters related to YOY size were cross-correlated with river kilometer. Moving upriver, as YOY size decreased discharge, conductivity, and pH all decreased and the amount of woody vegetation surrounding study sites increased. Increased size in the lower river possibly reflects either more rapid growth of juveniles at the lower sites and/or an earlier hatching time. Signal crayfish hatch in April and May (Bondar et al., 2005) and thus the YOY collected in this study had been growing for several months by the time they were collected. It is not clear that any of the environmental parameters associated with YOY size reflect a mechanism driving increased growth rates or earlier hatching time. Water temperature and crayish density are two factors that influence juvenile crayfish growth rates (Momot et al., 1978; Parkyn et al., 2002; Kouba et al., 2010) . However, we found no relationship between water temperature and YOY crayfish size. While YOY abundance varied greatly across the study sites a post-hoc correlation did not reveal any relationship between YOY density and size (Spearman r s = −0.24, p > 0.50, n = 8) suggesting that differences in size were not density dependent.
Microhabitat Scale Effects
Just three types of environmental factors appeared to be important drivers of signal crayfish density at the microhabitat scale, substrate size (either maximum size or D 50 ), Froude number, and depth. Maximum substrate size formed the primary branch as well as a secondary branch of the regression trees for YOY. This branching reflected a pattern in which the highest densities of YOY were found under a narrow range of maximum substrate sizes (162-177 mm) indicating a unimodal distribution. Such a unimodal distribution of crayfish density and substrate size has been found for both native crayfish (Paranephrops planifrons White, 1842; Olsson et al., 2006) and introduced signal crayfish (Nyström et al., 2006) in Sweden. Nyström et al. (2006) speculate that intermediate-sized substrate provides the greatest number of refuges from cannabilistic conspecifics and other predators. However, to our knowledge this idea has not been tested.
Young-of-year density was also influenced by Froude numbers when substrate size was taken into account. The highest densities of YOY were associated with microhabitats with relatively low Froude numbers and intermediate-sized substrates. Low Froude numbers are indicative of relatively deep, tranquil waters such as those found in pools, small eddies, and marginal habitat. In contrast to our findings, Harrison et al. (2006) found only a weak affinity for pool habitat by signal crayfish in experimental channels in British Columbia. In addition, the authors suggest that encounters with aggressive adult crayfish potentially push juveniles into high velocity, riffle habitat. Because the work of Harrison et al. (2006) was conducted in an experimental setting it is difficult to compare their findings with ours. Small, juvenile crayfish of other species have been found to be associated both with slow flowing areas [Orconectes punctimanus (Creaser, 1933) : Rabeni, 1985; P. planifrons: Jowett et al., 2008] as well as faster flowing habitats [Orconectes neglectus (Faxon, 1885) : Gore and Bryant, 1990 ; Orconectes luteus (Creaser, 1933 ): DiStefano et al., 2003 ]. It is not clear why juvenile crayfish in streams and rivers do not show consistent patterns in the hydrodynamic properties of the habitats they are associated with. However, the presence of competitors, the presence and type of predators, refuge availability, and food resource availability might all play roles.
The hydrodynamic properties of microhabitats were associated with age 1+ female density as Froude number formed the first two branches of the regression tree for this group of crayfish. Female density was negatively associated with high Froude numbers which are indicative of turbulent flow that generate high amounts of hydraulic stress on organisms (Davis and Barmuta, 1989) . Female density was also relatively low at low Froude numbers. The greatest densities of females were found in areas with a very narrow range of moderate Froude numbers (0.25-0.29). The mechanism behind this pattern is not clear. Low Froude numbers are associated with moderate to deep microhabitats possessing low velocities that should be hydraulically benign to crayfish. In addition, sites with low Froude numbers are likely depositional sites that may have the greatest abundance of food resources, e.g., organic debris, invertebrates (Jowett et al., 2008) . However, crayfish of different species show variable associations with water velocity, some showing highest abundances at moderate to high velocity areas (Rabeni, 1985; Usio, 2007) and other species showing greater abundances at low velocity areas (Rabeni, 1985; Jowett et al., 2008) . The possible mechanisms for these variable preferences include competitive interactions between species (Rabeni, 1985) and the presence of preferred substrate (Usio, 2007) . However, no other species of crayfish is present in the Umatilla River and we found no relationship between Froude number and substrate size at either the reach scale or the microhabitat scale (maximum substrate size: r s = 0.13, p > 0.50; r s = 0.19, p > 0.05, respectively).
As with YOY, maximum substrate size formed the primary branch of the regression tree for male density at the microhabitat scale. However, in contrast to YOY a unimodal pattern of density with substrate size did no emerge for age 1+ males. Instead, density was simply higher with maximum substrate sizes greater than 127.5 mm. The greatest density of males was found in relatively deep (>0.39 cm) microhabitats with large substrate size. Relatively deep water serves as a refuge from terrestrial predators such as raccoons and wading birds that large crayfish are vulnerable to (Englund and Krupa, 2000) . Thus, male densities were associated with what might be considered prime habitat -large stones that serve as stable refuges from flow and aquatic predators and deep water that functions as a refuge from terrestrial predators.
Substrate size was related to carapace size for all three groups of crayfish; however, this relationship was different for YOY versus the age 1+ groups. Larger YOY crayfish were associated with smaller substrate sizes (measured as median substrate size). This result was unexpected as a positive relationship between crayfish size and the size of substrate they are associated with as been found in other systems (Streissl and Hödl, 2002; Forsythe et al., 2003) . However, the observed association of large YOY crayfish with small substrate in our study involved median substrate size and not maximum substrate size. Maximum substrate size within a microhabitat is most likely the substrate that provides refuge for the crayfish collected in that microhabitat. While median substrate size might be indicative of refuge potential for a microhabitat too, it is also an indicator of the hydrodynamic properties within a microhabitat. Depositional, slow water areas have, generally, smaller substrate sizes than faster flowing areas (Gordon et al., 2004) . These areas might be preferred by crayfish as they potentially accumulate detritus that serves as a food resource and have hydrodynamically benign conditions (Jowett et al., 2008) . The largest YOY crayfish were found in microhabitats with relatively small median substrate and somewhat deep water (>0.26 m). Larger individuals in deeper water might reflect changes in vulnerability to aquatic predators. Small individuals are potentially more vulnerable to predatory fish and seek shallow water as a form of refuge from these predators (Englund and Krupa, 2000) . However, larger individuals might use deeper water as they are relatively safe from aquatic predators and deep water is a refuge from terrestrial predators (Englund and Krupa, 2000) .
Larger individuals of both female and male age 1+ crayfish were associated with larger substrate. This relationship appears to be somewhat common. For example, it has been shown for Austropotamobius torrentium (Schrank, 1803) in the field (Streissl and Hödl, 2002) and Orconectes immunis (Hagen, 1870) in laboratory settings (Forsythe et al., 2003) . Streissl and Hödl (2002) found that this relationships scales with crayfish body size in a specific fashion such that A. torrentium individuals were not collected beneath stones that were less than 3.19 times longer and 1.25 times wider than the individuals carapace length. The reasoning for this relationship is not clear; however, it suggests that individual crayfish have fairly precise refuge requirements that scale with their body size.
While the largest females were found with large substrates, females that were only slightly smaller (24.1 mm mean carapace length vs. 25.5 mm) were associated with relatively deep water (>0.42 m) when maximum substrate size was smaller. As stated above, deep water provides refuge from terrestrial predators and might be preferred habitat when vulnerability to aquatic predators is low. However, this explanation cannot hold for both YOY and age 1+ females. Young-of-year greater than 7.0 mm carapace length were found in deeper water than smaller YOY. If 7.0 mm carapace length represents a size when vulnerability to aquatic predators declines, then all age 1+ females should be safe from aquatic predators (the smallest age 1+ female had a carapace length of 14.2 mm). This suggests that the observed relationship between carapace length and water depth for either age 1+ females or YOY is not driven by the relative vulnerability to aquatic predators but to other factors that are yet to be elucidated.
The largest age 1+ males were associated with large substrate and relatively high Froude numbers indicative of turbulent (high velocity, shallow depth) flows. Male density was positively associated with deep water and the mechanism behind this pattern might be that deep water provides refuge from terrestrial predators. It is possible that turbulent flows also act as a refuge from terrestrial predators. Potentially important terrestrial predators of crayfish in the Umatilla Basin include raccoons (Procyon lotor) and great blue herons (Ardea herodias). Both of these species are likely to forage close to shore in relatively calm, shallow water (Englund and Krupa, 2000) . Thus, fast flowing, turbulent water might provide relative safety from these predators and thus provide a preferred habitat for large crayfish.
Conclusions
Signal crayfish are potentially very important components of river and stream systems in their native range in the Pacific Northwest (Mason, 1975) . However, very little is known of their ecology in this area and the potential for their ranges to either expand or contract with a growing human population and the threat of invasive crayfish species. Our study indicated that substrate size was one of the most important drivers of signal crayfish distribution in the Umatilla Basin at both the reach scale and the microhabitat scale. At both scales, crayfish density was positively associated with increased substrate size. Low-head dams that impound water and water abstractions that reduce flow can both lead to increased settling of sediment on river substrate (Dewson et al., 2007) potentially reducing the amount of refugia found in cobble interstices for invertebrates (Wood and Armitage, 1999) . Irrigated crop agriculture is a dominant land use throughout much of the native range of signal crayfish, including the Umatilla Basin, and as a result of a burgeoning human population and the development of biofuels is likely to become increasingly dominant in the near future (IAPC, 2009) leading to increased needs for surface water withdrawals. In addition, the amount of crop agriculture near study sites was negatively related to age 1+ crayfish density suggesting that increased crop agriculture in the basin is likely to have very strong and multiple types of impacts on signal crayfish abundance.
Besides the impacts of land use on the abundance and distribution of signal crayfish in their native range, invasive crayfish are also a concern. Six species of alien crayfish have been documented in the Pacific Northwest and the impact of these species on the native Pacifastacus spp. is unclear. However, developing an understanding of the ecology of the native signal crayfish is an important first step in understanding the potential impacts of invasive crayfish on populations of Pacifastacus.
